ABSTRACT The feedlng response of the blue mussel Mytllus trossulus exposed to environmentally relevant seston matnces were studied in the laboratory under flow-through conditions Twelve seston matnces varying In quality and quantity were prepared by mixlng 3 microalga Thalassloslra pseudonand (5, 20 and 150 X 106 cells 1 ') and 4 silt concentrations (0 5 20 and 50 m g 1 ') to represent an increasing seston organic quallty of 10 to 71 and dn increaslilg seston quantity of 1 4 to 56 6 mg I ' Clearance rates (CRs) pseudofaeces (PF) production, sorting efficiency (SEF) ingestion rates (IRs) of particulate organic matter (POhl) and particulate inorganic matter (PIM) and apparent and true carbon ass~milation efflciencies (C-AE0 ,) were determined for the varlous exposure regimes Under conditions of 0 dnd 5 mg 1 ' silt CRs decreased by 3-fold 114 4 to 4 9 1 h ' g ' dry wt (gdw ')I and 6-fold (18 0 to 3 3 1 h ' cldw ') respectively with Increasing seston quality Under condit~ons of hlgh silt loads (20 and 50 m g I-') CRs were independent of increasing seston quallty with maximum CRs (21 8 & 2 2 1 h ' gdw l ) observed at the 20 x lob cells 1 ' and 20 mg l I silt exposures PF production was dependent on seston quantity (r2 -0 63 p < 0 05) with mussels preferentially rejecting the inorganic versus the organic component of the seston This SEF was optlrnized at a seston quality of 40% organic matter As a consequence of this selective feedlng strategy, determined POM IRs under high a l g a e / h~g h s~l t (high quantity/quality) exposure reglmes were comparable to those of the high quality (lust algae) exposures (POM IRs of 48 0 as compaied to 38 1 and 91 3 mg h ' gdbv ' for high quality and high quantity/qual~ty respectively) In contrast mussels exposed to low quahty/quantity seston Ingested both seston components (SEF < 2 4 % ) I e the mussel was non-select~ve possibly ingesting both seston components to meet nutrient requirements Apparent C AE",, expressed as C ,,,,,,, -C , ,,,,., /C ,,,,,,, correlated with seston quality ( '0 POM) (r2 = 0 64, p < 0 05) However, carbon assin~ilation expressed as a true C-AE"o, C,,,,, -C,,,, ,,, iC,,,,,, \vas Independent of seston quality as was carbon assimilation rate (the product of the amount of Ingested organic matter and carbon assim~lation efficiency) Hence through a dynamic interplay between CRs and cai bon a s s~m~l a t i o n effic~ency the blue mussel was able to malntain a constant late of carbon assim~lation regardless of the quality and quantity of sebton to which it was exposed This compensatory feeding strategy displayed by the blue mussel has Impoi tant implications for predictive models w h~c h relate contaminant uptake to a diet/energy pathway Contaminant uptake may be either unde~estimated or overestimated if the abil~ty of the blue mussel to optlmize nutrlent gain under d vanety of seston compositions has not been taken into account KEY LVORDS Myhlus trossulus Feeding behaviour Sorting process Pseudofaeces Ingestion rate Ass~milatlon of carbon
INTRODUCTION
portance, is a species complex of blue mussel (Mytilus edulis L., M. galloprovincialis Lamarck, and M. trossuWithin estuarine environments, one of the main suslus Gould). As a result of its global distribution and its pension feeders, of both economic and ecological imability to concentrate metals from its environment, the blue mussel has been used world-wide for pollution ' Addressee for correspondence E-mail. bendell@sfu.ca monitoring programs. Given its importance, much
Resale of full a r t~c l e not pelrn~tted Mar Ecol Prog SE study has focused on how biotic factors such as size. sex and growth rates influence tissue metal burdens (Cossa et al. 1979 , Poulsen et al. 1982 , Lobe1 et al. 1991 . More recent studies have been directed at determinlng the underlying physiological mechanisms that influence metal accumulation by filter-feeding organisms. For example, Wang et al. (1995) related the amount of metal accum~~lation by bivalves to gut passage time and digestive partitioning. Decho & Luoma (1996) noted that bivalves were capable of modifying the digestive processing of food to reduce exposure to biologically available chromium concentrations. Wang & Fisher (1996) suggested that for some metals, assimilation is related to the degree of carbon assimilation by the mussel, i.e. that metal assimilation and hence accumulation by the mussel follows a diet/energy pathway. We know of no studies, however, which have assessed the possible role of feeding behaviour in determinlng the amount of metal to which the mussel is exposed to via its diet and hence amounts of metal that are potentially available for uptake and accumulation by the filter-feeding mussel.
Currently, there is much controversy in the literature in regards to whether filter feeders have a selective feeding strategy (e.g. Bayne et al. 1993) or whether filter-feeding is a highly automated process characterized by the full exploitation of the filter-pump to process the ambient water under optimal conditions (e.g. Jargensen 1990). Bayne et al. (1993) found that blue mussels fed at high concentrations of seston of relatively low organic content (40% particulate organic matter) increased their filtration rate, rejected a higher proportion of filtered material as pseudofaeces, and increased the efficiency with which filtered matter of higher organic content was selected for ingestion. These changes in response to a changing food environment by the mussel resulted in higher rates of carbon absorption than would have been predicted based on the assumptions of a non-compensating feeding behaviour. In contrast, based on their studies of growth, filtration and respiration in the blue mussel, Clausen & Riisgdrd (1996) conclu.ded that there was no evidence for physiological regulation 01 the filtration rate to meet nutritional needs and that as claimed by Jsrgensen (1990) , food uptake in nature was characterized by the full exploitation of the capacity of the bivalve filter-pump.
If mussels are highly selective as suggested by Bayne et al. (1993) , then the 'diet' of the mussel [i.e. that component of the seston that the animal is actually ingesting) and the subsequent absorption of carbon from the diet have the potential of being completely different from that which would be expected based on in situ measurements of seston within the environment and what the mussels are supposedly feeding on. This has important implications for predictive models of metal accumulat~on by seston-ingesting organisms that link metal assimilation to the organic content of the 'diet' (e.g. Wang & Fisher 1996). If mussels are capable of a compensatory feeding strategy, as proposed by Bayne et al. (1993) , which leads to a relative enhancement of net energy and nutrient acquisition over that which would be predicted based on the organic/inorganlc composition of the seston matrix, then predictive models of metal (and organic) contaminant uptake, based on a diet/energy pathway, may underestimate amounts of contaminants to whlch the mussels are actually exposed.
Hence, the objective of our study was to determine the feeding response of the blue mussel to environmentally relevant seston matrices which varied in both quality and quantity. Specifically we were interested, first, in determining the degree to which the mussel could alter its food environment (i.e. wa.s the 'diet' that the mussel ingested the same as the seston matrix to which it had been exposed) given a wide range of environmentally relevant seston matrices, and second, in determining the corresponding carbon assimilation efficiencies for the 'diet' as selected for by the mussel.
To meet these objectives, changes in the following physiological attributes in the blue mussel Mytilus trossulus exposed to the various seston matrices were assessed: (1) clearance rate, (2) pseudofaeces production, (3) sorting efficiency, (4) particulate organic and inorganic matter ingestion rates, (5) apparent and true carbon assimilation efficiencies and (6) carbon assimilation rates. Seston quality and quantity were chosen to represent seasonal and tldal patterns in seston quality and quantity found under natural conditions (i.e. within the estuarine environment) (Berg & Newell 1986 , Smaal et a1 1986 , Fegley et al. 1992 , Galois et al. 1996 , Stecko 1997 . Ultimately this information will be used in predictive models of metal accumulation in bivalves based on a selective feeding strategy which optimizes for the assimilation of carbon under a range of environmental conditions.
MATERIALS AND METHODS
Experimental mussels. Mussels Mytilus trossulus Gould, 1850 were collected from an intertidal area on the west coast of British Columbia (within Howe Sound), Canada. Collected mussels were placed in a cooler, and transported to the laboratory at the Department of Biological Sciences, Simon Fraser University. Mussels 144.9 + 2.07 mm in shell length (SL)] were acclimatized to experimental conditions (temperature, 13 * 1°C; salinity: 28 ppt) for 2 wk prior to use in each experiment. Throughout the acclimation period, the mussels were fed the diatom alga Thalassiosira pseudonana daily, and the seawater was changed on a regular basis. Prior to the feeding experiments, mussels were separated from their basal attachments to one another, brushed clean and kept for approximately 15 min under dry air. This procedure ensured that only live mussels were used in the experiments, as those mussels that were not viable did not respond to being submerged in seawater following the 15 min exposure to air.
Experimental apparatus. Feeding behaviour experiments were conducted under flow-through conditions in 500 m1 plexiglass tanks. An 18 l source of filtered seawater was provided by sequentially filtering supplied seawater through 5.0 and 1.0 pm cartridge filters (Labcor Inc.). The seston matrices were prepared immediately before use by adding known volumes of algae culture and silt suspension into a polyethylene tank and subsequent dilution of the 2 seston components to a volume of 18 l with the prepared filtered seawater.
Seston (suspended particulate matter). A review of the literature indicated a wide range in in situ nearshore and estuarine seston quantity (0.3 to 200 mg 1-') and quality (3 to 48% organic matter) ( Table 1) . To represent this range, seston matrices were manipulated such that quality ranged from 10 to 50% organic matter and quantity from 1.4 to 56.6 m g I-'. The highest seston quality was 7 1 % organic matter for the algae alone treatment. Experimental seston was made by mixing diatom cells of Thalassiosira pseudonana with kaolinitic mineral (ASP 400-P) to represent the organic and inorganic component of the seston, respectively. Twelve seston matrices varying in quality and quantity were prepared by mixing 3 diatom concentrations (5, 20 and 150 X 10%ells I-') and 4 silt concentrations (0, 5, 20, and 50 m g I-'). Algae were obtained from the North East Pacific Culture Collection (NEPCC), University of British Columbia, Canada. Non-axenic cultures of the algae were grown in aerated 4 1 flasks in Harrison medium (Harrison et al. 1980) , at 16°C and under 14 h dark : l 0 h light illumination (188 pE m-' S-'). Twelve litres of the algae were prepared in each experiment. The kaolinitic mineral (ASP 400-P) was obtained from the Engelhard Corp. Particle size distribution was determined on 10 replicates with an electronic particle counter (model TAII), fitted with a 100 pm aperture tube. Particle size ranged from 2.0 to 25.5 pm. Prior to each experiment, a stock slurry was prepared by suspending a predetermined weight of silt in 1 1 of filtered seawater (0.45 pm). The slurry was dispersed with a n electric stirrer and a n ultrasonic bath before mixing with algae in the experimental tank. The concentrated seston was delivered into a 1.5 1 mixing chamber by peristaltic pump. From the mixing chamber, the suspension was delivered at a flow rate of 110 m1 min-' to four 500 m1 plexiglass experimental tanks of which three contained mussels. The fourth remained empty and was used as a control.
Seston C:N ratios. Seston organic carbon and nitrogen content for calculation of C:N seston ratios was determined in triplicate using a Carlo Erba elemental analyser (Model 1106) with acetanilide (C6H5NHCOCH3) as a standard.
Physiological measurements. An overview of the various experimentally determined behavioural and physiological parameters is presented in Fig. 1 . A summary of abbreviations used in quantifying the behavioural and physiological parameters is presented in Table 2 . From October 1995 to February 1996, 12 seston matrices were randomly assigned and prepared. Seston composition and physiological parameters were determined in triplicate a s follo\vs: Table 1 . Seston concentration (mg I-') and seston quality (% POM) of coastal ecosystems. Monthly measurement of SPM for 12 to 18 mo Location Seston (mg I-') "Io POM Reference average of 2 56 mg 1 seston, it would
Pseudofaeces not be blologlcally available to the mussels However, the seawater inorganlc 
Seston matrices: One litre of each seston matrix was filtered through pre-weighed 0.45 pm GF/F filters (Whatman) and rinsed with seawater-isotonic ammonium formate (0.5 M). To determine seston quantity, filtered samples were dried to a constant weight (60°C for 96 h) and the final weight recorded. Seston quantity was expressed as the concentration of suspended particulate matter (SPM: mg 1 ') and was based on total dry weight per litre of suspended material recovered from the experimental chambers. To determine seston quality, the dried samples were further ashed in a muffle furnace (450°C for 6 h ) before final weighing. The seston inorganic component (PIM: m g 1-l) was determined as the remaining weight of the ashed sample. The partlculate organlc seston (POM: mg I-') was calculated by subtracting PIM from SPM.
An important correction that needed to be made on measured concentrations of seston organic and inorganlc concentrations was the inadvertent contribution
Clearance rate measurements: Clearance rate (CR) is a measure of the volume of water from whlch part[-cles have been removed by the mussels per u n~t time [ l e 1 h-' g-' dry wt (gdw l ) ] The clearance rate was determined as descrtbed by Vahl (1973) The flow rate through the expenmental tanks was malntained at 110 m1 mln ' An individual mussel was allowed to accl~mate to experlmental condit~ons for 30 mln before the clearance rate was measured Dunng the course of the experiment (4 h exposure to a seston matnx), suspended part~cles were collected from the control and treatment tanks every 15 mln The partlcles were Table 2 Summary of the vanous a b b r e v~a t~o n s , and thelr meanlnqs and unlts, used In Eqs (1) to (12) Parameter D e f~n~t~o n Units True C-AE'% True carbon a s s~m l l a t~o n e f f~c~e n c y AR Absorpt~on rate the product of true C-AEYo and IR-PO31,
counted with a Coulter Counter TA I1 with a 100 pm aperture tube. Clearance rates were generally independent of time, that is, the rates did not increase or decrease over the 4 h exposure period (Fig. 2) . Clearance rates were calculated as follows:
where FR is flow rate (m1 min-l), and C, and C, are the particle concentrations (no. of particles 1-l) in treatment and control tanks, respectively. Determinations o f pseudofaeces production: Pseudofaeces production (PF, mg h-' gdw-') is any particle that is cleared from suspension but rejected by the gills and palps (Widdows et al. 1979) . Pseudofaeces were readily distinguished from faeces and consisted of a light fluffy texture as compared to faeces which were 'packaged' and resembled a long flat string. All pseudofaeces generated by the mussel under the various exposure regimes were collected from the experimental tanks by capillary pipette. The rate of pseudofaeces production for a 4 h exposure period, corrected for the contribution from seawater, was determined as:
Faeces production and carbon content: Total faeces generated throughout the 4 h exposure period were collected from the experimental tanks by capillary pipette. Recovered faeces were dried (at 60°C for 96 h), weighed and total mass of faeces generated per gram dry weight of mussel for the 4 h exposure period obtained. Carbon content of the faeces was determined using a Carlo Erba elemental analyser (Model 1106) with acetanilide (CBH5NHCOCH3) as a standard.
Estimation o f sorting efficiency: Sorting efficiency ( S E F ) is defined as the retention, discrimination and ingestion of one particle type in preference to another (MacDonald & Ward 1994) . SEF was estimated based on the ratio of seston quality and pseudofaeces quality, where quality is the percentage of organic matter in the seston and is calculated as:
where PQ is the quality of the pseudofaeces ( % organic matter) and SQ is the quality of the seston (% organic matter). Values of SEF ranged from 0 % (no selection; organic content of pseudofaeces and seston are equal) to 100 % (full selection; no organic component remains PF,,, = PFPIM + PFPOM ( 5 ) in the pseudofaeces).
Ingestion rate calculations: Ingestion rate (IR, mg = PFp1~, c + PF~<>hl, c h-' gdw-l) was calculated as a product of the clearance
.
Time (min) Fig. 2 . Mytilus trossulus. Clearance rate (t SE) of mussels exposed to different seston matrices. A1gae:silt ratios are given as algae (X 106 cells I-'):silt (mg I-') rate and the seston quantity minus pseudofaeces productlon:
IRs were calculated for both organic and inorganic SPM, components (i.e. where IR, = IRPIM, , + IRPOCI, , and PF, = PFPlhl, , + PFPObI, c) and represents the actual 'diet' of the mussel, i.e, that component of the seston that is actually ingested after taking into account particle selection and subsequent rejection via PF, production. Seston quality: Seston quality (SQ) was expressed as the ratio of the concentration of organic matter in seston per seston quantity [SQ = (POM,/SPM,) X 1001 (after Bayne et al. 1993) where both POM, and SPM, are in units of mg I-'.
Estimates o f assimilation efficiency: Carbon assimilation efficieny (C-AE%) is an estimate of the fraction of ingested seston that is incorporated by the mussel. Both apparent (app C-AE%) and true (true C-AE%) assimilation efficiency were calculated. App C-AE% were based on the carbon content of faeces collected from treatment tanks and the carbon content of the seston matrix:
over a 4 h exposure period by the calbon content of algae [measured as 12 % t 0 003 SE by weight using a Carlo Erba elemental analyser (Model 1106) with acetanllide (C6H5NHCOCH3) as a standard] Carbon In faeces was determined as amount of faeces produced by a mussel for a 4 h exposure perlod multiplied by the carbon content of the produced faeces (mg C [,,,., gdw ') Statistical analysis. Statistical analysis for all data was performed using Minitab 10 software Bartlett's test was applied for testing data homogeneity and, where necessary, transformations were applied to meet the assumpt~ons of the ANOVA 2-way ANOVAs were applied to determine (1) differences among the various seston quallty and quantity rnatnces and (2) differences in the behavioural and physiological responses of the mussels to the vanous matrices Where ANOVA showed significant effects, Tukey's Honestly Significant Different (HSD) tests were applied to determ n e where the significant differences occurred Regression analysis was applied to determine relationships between (1) CRs and seston concentrations, (2) CRs and POM, (mg 1-l), (3) SEF and SQ, (4) PF and SQ, (5) app C-AE% and SQ, (6) true C-AE% and SQ and (7) carbon assimllatlon rate and SQ Significance of all tests was accepted at p I 0 05
True C-AEYo were based on estimates of the carbon RESULTS content of the 'diet' which the mussel is actually ingesting (i.e, accounting for selection of organic Quantity and quality of seston matrices versus inorganic particles) and the carbon content of faeces and were determined as:
The mean quantity of seston (+ SE) ranged from 1.4 * 0.1 to 56.6 t 3.40 mg I-' of which the mean values for true C-AE% = [(Cdlet -Claeces)/Cdlet] X 100 ( l 2 ) organic content of seston were 1.0 F 0.04 and 13.6 F Carbon in the diet (mg Cdiet gdw-l) was estimated by 0.08 mg I-', respectively (Table 3) . The results of the multiplying amounts of POM, ingested by the mussel ANOVA indicated significant differences in seston qualities (p 0.05) among seston treatments which exposures (0 and 5 mg 1-'), CRs decreased as seston quality and quantity increased, with as much as a 60 % reduction between the low and high algae exposures under these 2 lowest silt regimes (Fig. 3 ) . Surprisingly, maximum CRs were obtained under high silt (20 mg 1-') and mid-algae (20 X 106 cells I-') exposures (Fig. 3) . Under high algae concentrations (150 X 106 cells 1 -l ) , CRs were not significantly different from each other regardless of increasing silt load. When CRs were regressed against increasing seston quantity (SPM,, mg 1-l) (Fig. 4a) or quality (POM,, mg I-') ( Fig. 4b) Fig. 3 . Mytilus trossulus. Average clearance rate (k SE) of mussels exposed to seston treatments for 4 h Significant ( p < 0 05, Tukey's multiple range analysis) differences are denoted by d~fferent letters above bars quality (SQ ca 70 %) seston respectively, to a maximum of 87 %, when exposed to medium quality seston (SQ = 25 to 60 %). The observed relationship (Fig. 5) suggests that a SEF 'optimum' exists that is dependent on the quality of the seston to which the mussel is exposed, with a predicted maximum SEF occ.urrlng at a. SQ of Effect of seston matrices on pseudofaeces production Effect of seston matrices on sorting efficiency Mussels always produced pseudofaeces when exMean SEF (the ability to select organic particles over posed to seston treatments, with the exception of one inorganic particles) of mussels ranged from -18 and seston matrix (1.4 mg algae 1-l) that was below the 0%, when exposed to low quality (SQ I 18%) and high threshold for pseudofaeces production (Table 4) . Pseubust algae alone). Seston C:N ratios remained relatively constant across all treatments (Table 3) C Effect of seston matrices on clearance rates d
Results of the average (where each value is the mean 5 -of 3 mussels) CRs after the 4 h exposure to the various * seston matrices are presented in Table 4 . Changes in Table 4 . Results of behavioural and physiological data on mussels CR = clearance rate, PF,. = pseudofaeces production, IR, = ingestion rate, app and true C-AEY, = apparent and true assimilation cfficiency of carbon. Values are means + SE; na = not available, diet concentrations were below critical value for producing pseudofaeces dofaeces production was independent of seston quality (Fig. 6a) , but increased as seston quantity increased [PF, = 4.47(SPMC) -15.77; r2 = 0.63, p < 0.051 (Fig. 6b) .
The highest rate of pseudofaeces production was 339.8 mg h-' gdw-' which was associated with highest seston quantity exposure (56.6 mg I-').
Effect of seston matrices on POM, and PIM, ingestion rates
IRs are the product of CRs and SPM, corrected for PF prcduction and are a true measure of the actual 'diet' to which the mussel is exposed. IRs were calculated for both organic (POM,) and inorganic (PIM,) seston components. Total IR (POM, + PIM,) as well as POM, and PIM, IRs are presented in Fig 7. There was a general Increase in total IRs with increasing seston quantity, with maximum rates occurring at mid-algae (20 X 106 cells 1-l.) and high silt loads (20 and 50 mg 1-' silt). At these maxima, both PIM, and POM, seston components were being selected by the mussel for ingestion. Of most importance was the observation that at the highest silt and algae exposures, mussels were capable of selecting only the organic component of Mytjlus trossulus. Ingestion rate of mussels under d~f -ferent seston matrices. Significant (p < 0.05. Tukey's multiple range analysis) differences are denote as different letters the seston, i.e. the 'diet' of the mussel comprised only POM, rather than POM, + PIM,, as was noted for the lower quality and quantity seston, exposures. Hence, mussels showed a highly selective feeding behaviour by ingesting only the organic component of seston and excluding almost all inorganic particles (silt) when exposed to a high quantity of seston, regardless of their quality (e.g. under algae particles of 150 X 10"ells I-'). However, under low (5 X 10' cells 1-') and medium (20 X 106 cells I-') organic exposures, increasing silt loads resulted in the ingestion of both POM, and PIM, by the n~ussel. There was a weak relationship between [RPOM, and the organic content of the seston (POM,. mg I-') (r2 = 0.50, p = 0.05; Fig. 8 ). However, this relationship was lost when IRPOM, for the 20 x 106 cells 1-' and 20 mg I-' silt treatments was included within the regression, i.e. the maximum clearance rates observed under this exposure regime resulted in the greatest rates of organic matter ingestion, even though the seston was of low quality.
Effect of seston matrices on carbon assimilation efficiency
App C-AE'% was dependent on seston quality (as cornpared to 'diet') ( Fig. 9a, rZ = 0.64) . However, when the true C-AE% was regressed against seston quality, which accounts for the selective sorting process that occurred under the various exposure regimes (Fig. 9b) , this relationship was lost. Seston matrices with the highest algae concentrations (denoted as open squares) generally displayed the lowest true C-AE% and, when viewed independently from all other data, C-AE% for these matrices Fig. 9 . Mytilus trossulus. Relationship between: (a) seston quality and apparent carbon assimilation, app C-AE% = 1.204(SQ) -11.397, r2=0.64, n = 11; (b) sestonquality and true assimilat~on efficiency; (0) data with high algae concentration, i.e. 150 X 106 cells I-'; (c) seston quality and carbon assirmlation rate was positively correlated to seston quality. When expressed as a carbon assimilation rate (Fig. 9c ) (a measure of the amount of carbon absorbed from the diet by the mussels, given the amount of organic matter ingested over the 4 h exposure period), these values were no longer distinct. Rather, the rate at which carbon was assimilated by the mussel was independent of seston quality. Greatest rates of carbon assimilation corresponded to treatments in which maximum clearance rates were observed and in which seston matrices were comprised of the highest algae and silt loads.
DISCUSSION
Numerous studies have addressed the feeding behaviour of the mussel under changing seston conditions (e.g. Winter 1973 , Bayne et al. 1989 , Bayne et al. 1993 , Cl.ausen & Riisgird 1996 , Navarro et al. 1996 . From our perspective, however, we were attempting to elucidate the possible role a selective feeding strategy may have in determining what part of the total seston the mussel is ingesting and the corresponding carbon assimilation efficiency from the 'diet' as selected for by the mussel. Assuming that for some metals (e.g. cadmium; Wang & Fisher 1996) assimilation follows a diet/energy pathway, ultimately this information can be used to improve existing models which predict uptake and accumulation of metals by filter-feeding organisms.
Behavioural response to a changing food environment Two paradigms with respect to the feeding behaviour of the mussel currently exist within the literature: (1) that they have the ability to respond to changes in their food environment and (2) mussels are mere physiological slaves to their environment. If the former applies, then it is feasible that, as shown by Bayne et al. (1993) , the composition of seston in the environment and what the mussel IS actually ingesting (i.e. the diet) dre not the sdme. If, however, the latter paradigm is true, as suggested by Jnrgensen (1990) and Clausen & Riisgdrd (1996) , then the mussel is not selectlve and has evolved to filter at an optimal rate, regardless of changing environmental conditions.
An important aspect of our study was that we exposed mussels to a wide range of seston conditions that have been measured within the natural environment. Our experimental 'envelope' included conditions representative of the area from which the mussels were sampled, as well as extremes that have been noted within other systems (Table 1) . This range allows our data to be compared to previous studies on the behavioural response of the blue mussel to a changing food environment (e.g Bayne et al. 1989 , 1993 , Clausen & Riisgdrd 1996 . Our findings suggest that both paradigms in regards to the feeding behaviour of the mussel are true.
As in other studies (e.g. Winter 1973 , Bayne et al. 1989 , Clausen & Riisgdrd 1996 , we found that, under low sllt regimes (0 and 5 mg 1 -l ) , CRs decreased as algae concentrations increased. Clausen & Riisgdrd (1996) interpreted this result as being a consequence of the mussel simply closing its inhalant siphon to avoid smothering under less than optimal conditions. In contrast, Bayne et al. (1989) suggested that a reduced clearance rate is a selective response of the mussel to conditions of higher food quality. Importantly, in our study, if mussels were simply closing down in response to less than optimal conditions as suggested by Clausen & Riisgdrd (1996) , the maximum clearance rates at the higher silt and algae loads would not have been observed. This observation, plus the response of the mussel to increasing algae concentrations, supports the findings of Bayne et al. (1993) , in that mussels are capable of a compensatory feeding behaviour which allows full exploitation of its food environment.
However, Riisgdrd & Larsen (1995) recently reviewed the literature on the filter-feeding characteristics of marine invertebrates and concluded that filterfeeders are phylogenetically adapted to pump water continuously at rates characteristics of the species, i.e. in filter-feeding bivalves, the bivalve pump is the evolutionary result of the interaction between the organism and its biotope. Our results support this conclusion, as well as that of Bayne et al. (1989) , in that maximum ingestion rates for mussels used in the study were observed under seston exposure regimes that would be considered less than optimal for the mussel. This maximum (at mid-algae and mid-silt-load seston exposures) most likely corresponds to the predetermined filter-feeding rate characteristic of this species for this particular estuary. However, under increasing algal concentrations, and under extremely high silt loads, mussels were also able to move from this filtering 'optimum' and adapt their feed~ng strategy to maximize organic matter ingestion by selecting only organicrich particles and rejecting inorganic particles. Such an adaptive ability, either through altering clearance rates and/or increasing SEFs, on the part of Mytilus trossulus would indeed be advantageous under rapid and continuous changing quality and quantity of seston, such as that noted by Stecko (1997) for the coastal area from which the experimental mussels were sampled.
In their studies on the feeding response of the blue mussel challenged with diet matrices of differing quality and quantity, Bayne et al. (1993) noted that as the organic content of the diet increased (43 to 81 'K)), SEFs decreased. Similarly, we found that in our higher quality seston matrices, SEF declined as quality increased, with our data comparing well with the data of Bayne et al. (1993) . However SEFs also declined under poor quality seston exposures. Under conditions of a poor quality diet, the selection of organic versus inorganic particles is negligible as the mussel attempts to meet its energy requirement by incorporating all seston components. Similarly, in high quality seston matrices (i.e. just algae alone), and as noted by Bayne et al. (1993) , no sorting is required, i.e. there is no inorganic material to reject; hence again SEFs are low. Maximum SEFs (a SEF optimum) were observed when seston quality was approximately 40%, i.e. under conditions where the algal concentrations were high enough that, despite an increasing silt load, the mussel could effectively improve diet quality by selecting only the algae component of the seston.
Assimilation of carbon in varying seston matrices
The rate of absorption of carbon by the blue mussel has previously been shown to be dependent on seston quality (Bayne et al. 1987) . Iglesias et al. (1996) have also noted that the absorption efficiency of carbon by the cockle Cerastoderma edule (L.) was dependent on the organic content of ingested matter according to an exponential saturating function, i.e, carbon absorption positively increased to an organic matter content of ingested matter of approximately 45 %, at which point carbon absorption became independent of organic content.
When expressed as an app C-AE'% versus seston quality, we also noted a positive relationship, i.e. carbon assimilation by the mussel was positively correlated with increasing seston organic content. When expressed as a true C-AE%, however, carbon assimilation was independent of seston quality. True C-AE% for the exposure regimes which contained the largest amount of algae, when viewed independently from the remaining data, appeared to be dependent on increasing seston quality. When expressed as a carbon assimilation rate (i.e. a measure of the actual amount of carbon assimilated by the mussel given the amount of POM, the mussel has ingested over the 4 h feeding period), the rate of carbon assimilation by the musssel was independent of seston quality. In other words, through a dynamic interplay of carbon assimilation (which is in turn dependent on gut resident time and digestive processes) and clearance rates, the blue mussel is able to maintain a constant rate of carbon assimilation-on average 29.3 k 6.9 (SE) mg C h-' gdw-', with the maximum carbon assimilation rate where clearance rates were optimized being omitted from the overall averageregardless of the seston matrix to which it has been exposed.
Our findings differ from those of Bayne et al. (1993) who noted that the rate of carbon absorption by the blue mussel was dependent on POM (mg I-'). In the studies of Bayne et al. (1993) POM concentrations and seston quality ranged only from 0.63 to 5.85 mg 1-' and 53 to 97'Y0 respectively. In contrast, POM, concentrations and seston quality for our experiments ranged from 1.0 to 13.6 mg 1-' and 10 to 71% respectively. Hence, the greater scope of the diet exposure regime may have resulted in different relationships being observed. It is also possible that the relationship noted by Bayne et al. (1993) was a consequence of the strong relationship between mussel filtration rate and total particulate matter (mg I-') that occurred in their studies. As found in our study and that of Bayne et al. (1993) , carbon assimilation rates are a product of ingestion rates and carbon absorption efficiency. Ingestion rates are, in turn, dependent on filtration rates. Bayne et al. (1993) noted no consistent differences in absorption efficiencies for their various 2 d diet exposure regimes, i.e. carbon absorption was constant over the various exposure regimes. It is possible that their observed relationship between carbon assimilation, rate and POM, was driven mostly by differences in mussel filtration rates among the varlous dlet regimes as opposed to reflecting the interplay between carbon assimilation efficiences and mussel filtration rates.
In summary, our findings suggest that the mussel is capable of 2 feeding strategies which are not mutually exclusive. As concluded by Riisg6rd & Larsen (1995) and Clausen & Riisgtird (1996), mussels have a filtering 'optimum' that is predetermined by the phylogeny of the species. In our study, this filtering optimum by the blue mussel was obtained at an algae and silt concentration of 20 X 106 cells 1-' and 20 mg 1-' respectively, concentrations which would have been considered less than 'optimum' by the studies of Clausen & RiisgArd (1996) . Further, at this filtering 'optimum', maximum carbon assimilation rates were observed. In addition, as proposed by Bayne et al. (1993) , mussels have the ability to physiologically respond to a changing food environment. We found that at the highest silt and algae seston exposures, mussels were capable of selecting only the organic components of seston (i.e. high SEF) and rejecting the inorganic components of seston (through PF production). In the absence of silts, mussels decreased CRs with increasing algae concentrations, while maintaining POM, ingesting rates. Hence, Mytilus trossulus was generally able to optimize diet quality and car-bon assimilation rates, with the maximum carbon Acknowledgements. This research was supported in part by a assimilation rate occurring at what could be a phyla-CIDA graduate-fellowship to Z.A. th.rough the ASEANgenetically determined filtering optimum for the Canada Marine Science Project, as well as an NSERCoperating grant to L.B.Y. The field assistance of Kirsty Bennett mussels used for these studies.
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Ecological implications for contaminant exposure via food sources
Our findings indicate that seston as measured in the environment is not what the mussel is actually consuming, and depending on the quality and quantity of the seston, the mussel has the ability to select either organic particles or both inorganic and organic particles for ingestion. For example, under conditions of high silt and high algae (e.g. during a seasonal algae bloom), the blue mussel will effectively exclude inorganic particles from its diet, creating a diet that is 100% organic matter. If this sorting process has not been considered, predicted metal assimilation will be underestimated, as carbon assimilation rates based on the organic content of the seston uncorrected for a compensatory feeding strategy would also be underestimated. Further, and of relevance for trace metals that can be associated with the inorganic portion of seston, a sorting process which virtually excludes the inorganic seston component implies that any contaminants associated with this fraction of seston would not be ingested and hence not available to the mussel for uptake. In contrast, when environmental concentrations and quality of seston are low (e.g. during periods of low flow within an estuarine environment), the mussel will respond to the number of particles in the water column, independently of seston composition, and ingest both inorganic and organic particles regardless of the nutritional quality of the seston matnx. In this situation, contaminants associated with both components of the seston will be ingested by the mussel. It is likely that it is under these types of conditions (i.e. when the organic content of the seston is low, with mussels ingesting both inorganic and organic particles) that the mussel filters at its phylogenetlcally determined 'optimum', as proposed by Clausen & Riisg i r d (1996) . If indeed this does occur, then it would be necessary to determine this filtering optimum for mussels used in any type of pollution monitoring program, for it would be at this optimum that carbon assimilation rate and hence contaminant uptake would be maximized.
Our further studi.es are dlrected at determining the influence of seston quality and quantity on the assimilation rate of trace metals. Ultimately, this information will be used to build better predictive models for determining factors which determine trace metal burdens of filter-feeding organisms.
